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Abstract

A series of laboratory experiments, including the measurement of electrical properties and
permeability, were performed on carefully characterized sand–clay mixtures. Different mixtures and
configurations of quartz sand and 0 to 10% Na-montmorillonite clay were investigated using solutions of
NaCl, CaCl2, and deionized water. Samples containing 10% distributed clay were also studied using
fluids containing 20 and 500 ppm trichlorethylene (TCE). Electrical properties were measured at
frequencies between 106 and 10-2 Hz using the four-electrode method and Ag–AgCl inner electrodes on
saturated samples at room temperature and 412 kPa confining pressure, corresponding to a soil depth of
15 to 20 m. Our results show that the addition of TCE has a small effect on electrical resistivity, with
resistivity increasing with the addition of TCE. The influence of TCE on the electrical properties was
most prominent in plots of loss tangent as a function of frequency. A loss tangent peak occurred at
~200 Hz. The height of the peak and the peak frequency both decrease with the addition of TCE.
Further experiments were performed on samples containing a distinct clay layer parallel to current flow.
Electrical properties were measured on water saturated samples and as a mixture of ethanol and water
(80:20) was flowed through the sample. Resistivity increased by about a factor of four as the ethanol
mixture replaced the water solution. Non-destructive x-ray imaging of the sample at various stages of
dewatering indicates a decrease in the thickness of the clay layer with increasing number of pore volumes
of ethanol–water flowed. Our results showed that electrical measurements are a useful tool for
characterizing porous rocks and soils and that it is feasible to remotely detect the presence and follow
the transport of contaminants such as TCE in the subsurface.

1. Introduction

1.1 Background
Electrical measurements are a useful non-destructive tool for characterization of porous rocks and

soils. Conduction of electricity through porous media occurs primarily by movement of ions through the
bulk saturating electrolyte. In addition, conduction takes place as adsorbed ions move along the surfaces
of pores and cracks. Thus, the conductivity of a porous medium is related to microstructural properties
such as porosity, pore geometry, and surface morphology of the mineral grains lining the pores, as well
as the dielectric properties of the mineral grains and pore fluid. Electrical conduction is also a function of
the prevailing fluid saturation. For brine-saturated porous materials Archie (1942) proposed the
following relationship between bulk and fluid conductivities:

m
fluidbulk aϕρρ ==== (1)

where ρbulk is the electrical conductivity of the porous medium, ρfluid is the electrical conductivity of the
saturating fluid, ϕ is the porosity, and a and m are parameters that are supposed to be constant for a
certain type of rock. The ratio ρfluid /ρbulk is the formation factor F. In equation (1) it is assumed that the
contribution of surface conduction to the bulk conduction is negligible. When bulk conduction is
important, Archie’s law has to be modified (Johnson et al., 1986; Waxman and Smits, 1968; Sen et al.,
1988; Sen and Goode, 1992). Instead of the pure proportionality between ρbulk and ρfluid, we obtain a
linear dependence with an intercept on the ordinate axis. Johnson et al. (1986) defined a length parameter
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Λ, which is a weighted volume-to-surface-area ratio (a measure of the dynamically interconnected pore
size) defined as

∫∫∫∫
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E(r) is the electric potential field at point r, Vp is the pore volume and S is the surface area, i.e. the pore-
solid interface. Λ is a parameter (with units of length) characteristic of the geometry of the porous
medium and is thus transferable from one experiment to another for a specific medium. This relation is
valid for materials where the (insulating) grains are coated with appreciable amounts of clay minerals
(Johnson et al., 1986). When dry clays are saturated with brines the counter ions, which usually balance
out charged impurities by bonding to their external surfaces, hydrate and become mobile within a layer.
Surface conduction due to these counter ions then acts in parallel with the ionic conduction associated
with the brine. For relatively high-salinity pore fluids, a linear relationship was derived (Johnson et al.,
1986):
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where Σs is the surface conductivity. When ρfluid and ρbulk are plotted on a linear scale, the slope equals
the reciprocal of the formation factor F, and the intercept with the ordinate axis b = 2Σs/FΛ.

1.2 Previous Work
Previous work by Wildenschild et al., (1999, 2000) demonstrated the influence of various

microstructural properties (such as clay content and configuration) on the electrical properties.  They
determined formation factors, Λ parameters, and surface conductances Σs for a number of different
configurations containing 0 to 10 % clay. The arrangements included dispersed mixtures, discrete clay
clusters and arrangements of distinct layers of clay in the sand matrix.  They found the relationship
(eqn. 3) suggested by Johnson et al. (1986) to describe conduction for a wide range of parameters
including fluid salinity, clay content, and surface conductance.  In this study we present additional work
on samples studied by Wildenschild et al. (1999; 2000) using pore fluids that contain small amounts
(<500 ppm) of TCE or ethanol/water mixtures.

Work on clay bearing materials containing organic compounds has been performed previously and
some of this worked will be reviewed briefly here. Olhoeft and King (1991) reported complex resistivity
measurements on synthetic clay-toluene mixtures. They found a resistivity increase (~10 to 30%) and a
larger (negative) phase angle for samples containing up to 20% toluene. The resistivity difference was
greatest at frequencies below ~100 Hz and the phase difference was greatest between 1 and 100 Hz.
Work by Chan et al. (2000) on sand-clay mixtures shows that non-contaminated samples show little
frequency dependence and follow Archie’s law. When TCE was present in a 100% sand sample they
found that Archie’s law did not apply. Re-saturating the contaminated sample with brine produced
anomalous results attributed to incomplete removal of TCE from the sample.

A comprehensive set of experiments on prepared and natural clay-bearing samples was
performed by Jones (1997) as part of his thesis work. He measured complex electrical properties from
10-3 to 106 Hz while varying the solution type and concentration. Measurements were performed on
samples containing a variety of organic contaminants including TCE, tetrachloroethylene, ethylene
glycol, and phenol.  Changes in the non-linear character of the complex electrical response were observed
that were attributable to chemical reaction between the clay and the organic contaminants. Spectral
alterations were observed to take place for as much as one month at which point equilibrium had not yet
been established. These changes in non-linear response are suggested as a means of locating contaminated
regions using field EM data.
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2. Experimental Details

2.1 Sample Preparation and Characterization
We used a pure silica sand (F-50 Ottawa sand from U.S. Silica) and a Na-montmorillonite

(Wyoming bentonite) to build the samples. The Ottawa sand has grain sizes between 74–420 microns, a
median diameter (d50) of 273 microns and a particle density of 2.66 g/cm3.  The samples were packed in
2-inch diameter heat shrink tubing with sintered Hasteloy frits at both ends that provided support,
allowed fluid flow, and served as current electrodes.  Sample height was 1.5 inches and AgCl coated
silver wire electrodes were positioned in the casing 0.25 inches from either end of the sample using
additional heat shrink material as spacing. The electrochemically coated Ag–AgCl wires served as
potential electrodes.  Platinum electrodes were unsuitable because of hydrolysis at the metal–water
interface, causing unreliable measurements. The AgCl-coated wires alleviated this problem by providing a
means of ionic exchange with the saturating solution.  

Once the sand/clay was packed between frits the tubing was heated and would subsequently
shrink to rigidly support the unconsolidated sample.  The dispersed clay samples were packed from dry
mixed sand and clay. In the case of the parallel sample, dry sand was packed around the vertical clay
layer, which then was in contact with both end frits.

2.2 Pore Fluids
The samples were saturated with saline fluids of varying concentration, ranging from 0.0005 N to

0.75 N of CaCl2 (0.05 to 64 mS/cm). Electrical measurements were also made using de-ionized water.
Results are reported in Wildenschild et al. (2000).  Solutions of 600 µS/cm NaCl (~0.0035 M) were
prepared containing 0, 20, and 500 ppm TCE.  These solutions were used as pore fluids in a 10% clay
dispersed sample.  The solubility limit for TCE in water at room temperature (20°C) is about 1099 ppm.
Additional experiments were performed with an 80:20 mixture of ethanol and distilled water.  This fluid
was flowed through the sample containing a parallel clay layer.

3. Apparatus and Measurement Procedures

The experimental setup consists of 4 major components: the sample, the sample holder with
pressure controls, the electrical measurement system, and the fluid flow system (Figure 1; Wildenschild
et al., 2000). The sample is placed in a Hassler sleeve used to control pore pressure. The Hassler sleeve
is placed between insulating Delrin end caps and is held in place by applied end-load and in-load
pressures using air actuated cylinders. The various loads ensure that the sample is hydraulically sealed in
the holder, i.e. sidewall flow is avoided and also provides for simulating shallow burial. We used end-
load, in-load, and confining pressures of 60 psi (418 kPa) in all experiments. The end caps have openings
for fluid inlet and outlet and for the electrical input and output voltage leads.

3.1 Electrical Measurements
As the various fluids were pumped through the samples, frequency-dependent electrical

properties were measured using the four-electrode method (Olhoeft, 1985). Impedance magnitude, |Z|,
phase angle φ, electrical resistance R, and capacitance C were measured with an HP4284A LCR meter
during flow and at hydraulic equilibrium. Complex impedance spectra over a wider range of frequencies
(10 mHz to 1 MHz) were measured using a Solartron 1260A impedance analyzer.

The complex impedance consists of a real and imaginary part and is given by

Z* = Z' − jZ", (4)

where Z’ represents the real impedance, Z” the imaginary impedance and j = √ –1. The resistivity is the
impedance, or resistance, taking into account the sample geometry

ρ* = Z*A/l. (5)
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Figure 1.  Experimental apparatus for confining pressure, fluid flow,
and impedance measurements.

Electrical conductivity σ is the reciprocal of the resistivity. The dielectric permittivity κ is related to the
impedance by

κ* = κ ' − jκ"= ( jωC0Z*)−1 (6)

where κ* is the dielectric permittivity divided by the permittivity of free space, ε0, and has a value of
8.854 × 10–12 F/m, and C0 is the capacitance of the empty cell in a vacuum (C0 = ε0A/l). The loss
tangent tan δ is defined as

"

'

'"

"'
tan

σ
σ≈

ωε+σ
ωε−σ=δ

  
. (7)

The loss tangent approximates the conductivity ratio for small angular frequency ω where conduction
currents dominate displacement currents (Ward and Hohmann, 1987). The loss tangent is also called the
dissipation factor and is a measure of the energy transferred to the material from the electric field,
primarily through friction associated with the movement of ions and dipoles.

4. Results and Discussion

4.2 Electrical Measurements on Samples Containing TCE
The electrical impedance of the 10% dispersed bentonite sample changes with the amount of

TCE present. Figure 2a plots the imaginary versus real impedance and shows an increase in the
resistance with increasing TCE. Two impedance arcs are visible and both arcs widen, indicating a larger
resistance, with an increase in the amount of TCE. Figure 2b shows the real and imaginary parts of the
impedance plotted as a function of frequency. The critical frequency, the frequency where the minimum
phase angle occurs (Dias, 2000), is lower by a factor of about 2.5 for the 500 ppm TCE sample
compared to the clean sample. This is most readily observed in Figure 2a by noting where the imaginary
impedance comes closest to the real axis.
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Figure 2. (a) Imaginary vs real impedance, (b) impedance magnitude and phase angle vs frequency.
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The loss tangent for the three experiments is plotted in Figure 3. We found that the differences in
electrical response are most apparent in this type of plot. The most prominent feature is the loss peak
that occurs between 100 and 1000 Hz that decreases in magnitude and shifts to a slightly lower
frequency with the addition of TCE. The frequency of the loss tangent peak coincides with the critical
frequency.

Figure 3. Loss tangent vs frequency for the three experiments.

The highest frequency impedance arc increases resistance about 5% for the 500 ppm TCE sample
compared to the clean sample.  Since TCE is a resistive fluid compared to the NaCl solution we expect
an increase in resistance as the conductive fluid is displaced, but the change in resistance compared to the
amount of TCE indicates an additional mechanism.  The magnitude of the loss tangent peak decreases by
about 17% with the addition of 500 ppm TCE.  Possible contributors to this effect are a change in the
exchangeability of the clay because of the TCE or other electrochemical reactions.  Additional study is
required to identify the cause.  Nevertheless, it may be possible to use this information to locate small
amounts of contamination in field sites using EM methods (Jones, 1997).

4.2 Electrical Measurements on Samples Containing Ethanol
Of interest in environmental remediation is the behavior of clay bearing soil that contains ethanol.

Ethanol dewaters clays and causes them to contract.  One problem with pump and treat remediation of
clay-bearing soils containing organic contaminants is the amount of time it takes for the contaminant to
diffuse to a permeable flow channel.  One idea is that ethanol will not only dewater clay but cause
microcracks in clay layers providing a shorter pathway for the migration and removal of contaminants.
We have measured the electrical properties of a sand-clay sample containing a clay layer that is parallel
to the direction of fluid flow and electrical measurement.  Measurements were made using distilled water
and CaCl2 solutions ranging from 0.005 N to 0.4 N (Wildenschild et al., 2000) and as an 80:20
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ethanol–water mixture was flowed through the sample at a rate of 5 mL/hour (the conductivity of the
ethanol–water mixture is ~0.76 µS/cm).  

The conductivity of the parallel clay sample increased as the salinity of the CaCl2 fluid was
increased, but not as strongly as other samples with 10% dispersed clay (Wildenschild et al., 2000).  One
reason for this is that the parallel clay sample had the highest surface conductance of all the types of
samples studied (2.45 µS) and was fairly conductive even for the most dilute solutions.  The loss tangent
for the dispersed-clay experiments displays more variation than the loss tangent for the parallel-clay
layer samples (Figure 4a and b).  The loss tangent for the dispersed-clay sample increases with increasing
salinity and shows more peaks or peaks shifted to lower frequency.  These low frequency peaks occur
between 110 and 0.1 Hz and are absent for the samples saturated with distilled water and the
ethanol–water mixture.

As the ethanol mixture was flowed through the sample the impedance increased by about a factor
of 4 over the 0.022 N CaCl2 solution impedance. Additional flow of the ethanol–water mixture to up to
10 pore volumes continued to increase the impedance. After 15 pore volumes the fluid flow was stopped
and impedance decreased with time. The loss tangent shows a single peak centered near 500 Hz for the
ethanol–water saturated sample. With additional flow the peak first becomes lower in magnitude then
increases. After about 10 pore volumes have been displaced a second peak or shoulder appears at higher
frequency. The noisiness of the response increases with time.

Figure 4. (a) Loss tangent vs frequency for dispersed-clay experiment.
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Figure 4. (b) Loss tangent vs frequency for parallel-clay experiment.

4.3 X-Ray Images
The parallel clay layer sample was x-rayed periodically during the ethanol–water flow portion of

the experiment. Flow was stopped periodically and the sample was x-rayed to gain information about
the thickness and integrity of the clay layer. The x-ray procedure is very similar to that described by
Roberts and Lin (1997). A 160 kVp linear source was used as the sample was rotated and translated
vertically through the beam. A two-dimensional photo-diode linear array detector was used to convert
and store the digital signal. The independent views (radiographs) were reconstructed into a series of
tomographic slices.  The information obtained is the attenuation of the sample as a function of time.
Spatial resolution for this system was about 390 µm, although other systems in our laboratory can
achieve spatial resolutions down to about 20 µm. Higher resolution scans will be required to image
microcracks in the clay layer.

Reconstructed tomographic cross sections of the cylindrical sample are shown in Fig. 5a and 5b.
In these gray-scale images a brighter shade is more attenuating than a darker shade. Figure 5a shows the
sample prior to ethanol–water flow and Figure 5b shows the sample after ~10 pore volumes of 80:20
ethanol–water have flowed through the sample. The samples are ~5.08 cm diameter and each pixel is
~390 µm × 390 µm. The primary feature to note is the thickness of the clay layer (gray vertical stripe in
the center of the images) before and after flow. Although the spatial resolution of these images is
insufficient to image cracking in the clay, it is easy to see the effect of dewatering.
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Figure 5.  Reconstructed x-ray CT slices of the parallel clay layer sample (a) prior to
ethanol–water flow and (b) after ~10 pore volumes of flow.  Sample is ~5.04 cm in diameter.
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Figures 6a and 6b show averaged lines of attenuation across the clay layer (Fig. 6a, horizontal)
and within the clay layer (Fig. 6b, vertical).  Five lines were averaged for smoothing of data.  The axes are
distance and relative attenuation units.  The curves are labeled sequentially from early in the experiment
to later in the experiment and correlate to the amount of ethanol that has flowed through the sample.  In
Fig. 6a we see the width of the clay layer getting smaller and in Fig. 6b we see the attenuation of the clay
layer increasing with time and total flow.  The thickness of the clay layer has changed by 25-40% with
approximately ten pore volumes of fluid flow.

Figure 6.  Relative attenuation vs distance across sample as a function of total flow and time for
the parallel-clay layer sample using 80:20 ethanol–water as the pore fluid.

(a) Attenuation across the clay layer indicates a shrinking layer with time and flow.
(b) Attenuation within the clay layer shows increased attenuation with time and total flow.
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5. Conclusions

We have investigated the influence of 20 to 500 ppm TCE on the complex impedance of sand-
clay samples.  The presence of TCE had only a minor effect on the electrical resistivity.  A more
pronounced effect was observed in the loss tangent with a peak centered near 200 Hz that shifts to
slightly lower frequency and decreases in height with the addition of TCE.  Electrical experiments were
performed on a sample containing a parallel clay layer while an ethanol–water mixture was displaced
through the sample.  Resistivity increased by as much as a factor of four as the ethanol–water mixture
replaced the 0.022 N CaCl2 solution.  X-ray imaging during the dewatering experiment quantified the
change in the clay layer which decreased in thickness by ~33% with about 10 pore volumes of
ethanol–water mixture flowed.  Additional analyses using a higher spatial resolution x-ray system is
needed to determine the presence and extent of microcracking in the clay due to dewatering.
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